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ABSTRACT
We analysed an X-ray light curve of the dwarf nova RUPeg taken by XMM-Newton
with a duration of 46300 s. The power density spectrum has a complicated shape with
two red noise and two white noise components, indicating the presence of two turbulent
regions. We developed a statistical ”toy model” to study light curves with variability
produced by an unstable turbulent accretion flow from the inner disc. Our results
are consistent with a disc truncation radius maximally 0.8 × 109 cm. We found that
any fluctuation of the viscous mass accretion at the inner disc are visible as UV and
X-ray variations with the same break frequency in the power density spectrum. This
process is generating low frequency variability. A second break suggests the presence
of a faster X-ray variability component which must be generated by another process
likely localised between the inner disc and the white dwarf.
Key words: stars: dwarf novae - X-rays: individual: RUPeg - accretion, accretion
discs
1 INTRODUCTION
Dwarf novae are a subclass of a group of semidetached in-
teracting binaries called cataclysmic variables (see Warner
1995 for review). In these systems the secondary star fill-
ing its Roche lobe is losing matter which flows towards the
white dwarf primary. In the case of weak magnetic fields of
the primary, an accretion disc is formed. The inner disc is in-
teracting with the slowly rotating white dwarf primary in a
small region called boundary layer. Furthermore, dwarf no-
vae are known for variability caused by the viscous-thermal
instability caused by changes in the ionisation state of hy-
drogen while the matter flows through the disc (Ho¯shi 1979,
Meyer & Meyer-Hofmeister 1981, Lasota 2001). This vari-
ability is characterised by two basic states, i.e. high state
(outburst) with higher mass accretion rates through the disc
and low state (quiescence) with a low mass accretion rate
(see Osaki 1974 for the original idea).
X-rays in cataclysmic variables are thought to orig-
inate from the boundary layer (see Frank et al. 1992,
Kuulkers et al. 2006 for review). The matter at the inner
disc is rotating with supersonic Keplerian velocity. When it
⋆ E-mail: andrej.dobrotka@stuba.sk
† E-mail: shm@kusastro.kyoto-u.ac.jp
‡ E-mail: juness@sciops.esa.int
enters the boundary layer, it decelerates to reach the white
dwarf surface angular velocity, yielding loss of kinetic energy
that is then emitted as X-rays. Approximately half of the
gravitational potential energy is radiated from the bound-
ary layer. The other half is radiated from the disc through
viscous processes. At low accretion rates, the boundary layer
is optically thin and cools inefficiently. Therefore, it reaches
high temperatures and emits hard X-rays. This occurs in
dwarf novae in quiescence. During an outburst, the mass
accretion rate rises and the gas becomes optically thick. It
cools more efficiently and emits soft X-rays and EUV. A
steady flow of matter through the boundary layer results in
a steady energy release, and observed rapidly variable X-ray
light curves thus indicate an unstable accretion flow.
The light curves of cataclysmic variables show stochas-
tic variability also in other wavelengths as presented in,
e.g., Bruch (1992), Yonehara et al. (1997), Bruch (2000),
Baptista & Bortoletto (2004), Baptista & Bortoletto
(2008), Dobrotka et al. (2010), Dobrotka et al. (2012).
Variable energy release at all energy scales is expected
because the accretion flow from the secondary is turbulent
through the entire disc down to the white dwarf. Variability
is produced within the disc itself or at its outer edge where
it interacts with the matter stream from the secondary.
The X-ray fluctuations coming from the boundary layer
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are poorly studied, mainly because of the high cost of
deep X-ray observations that are required to yield enough
photon statistics for high time resolution variability studies.
For example, the brighter low mass and high mass X-ray
binaries that contain neutron stars or black hole primaries,
providing higher X-ray flux, are much better studied in
X-rays (see e.g. van der Klis 2005).
RUPeg is a system with an orbital period 8.99 hours,
a white dwarf with mass 1.29+0.16−0.20 M⊙ and secondary with
mass 0.94±0.04M⊙ (Stover 1981, Wade 1982, Shafter 1983).
The distance 282 ± 20 pc was derived by Johnson et al.
(2003) with Hubble Fine Guidance Sensor. The system has
been studied in X-ray by Balman et al. (2011). Based on
measured luminosity the authors derived a mass accretion
rate 2× 10−11 M⊙ yr
−1 assuming the primary mass 1.3M⊙.
Cross-correlation analysis of the light curve yielded the peak
at 0 s delay to be asymmetric, where the asymmetry was well
fitted with an additional delayed component when allowing
for a time lag of 97 - 109 s (Balman & Revnivtsev 2012). The
X-ray variability patterns generating the asymmetry lagged
behind the UV.
In this article, we search for physical processes respon-
sible for unstable accretion flow in the boundary layer in
the dwarf nova RUPeg. We reanalyse the data set used by
Balman & Revnivtsev (2012) with a more sophistacted ap-
proach. While the authors found a single break frequency
in the power density spectrum and identified it with the
orbital frequency at the inner edge of the disc, our more de-
tailed analysis suggests an alternative interpretation of the
break frequencies. In Sect. 2 we present the studied X-ray
light curve taken with the EPIC detectors on board XMM-
Newton. Observations and data reduction are described in
Sect. 3. Subsequently synthetic light curves are modelled and
their characteristics are compared to the observed parame-
ters in Sect. 4. The results are discussed and summarised in
Sect. 5 and 6, respectively.
2 OBSERVATIONS
While high signal-to-noise spectra can always be accumu-
lated by long exposure times, high resolution in time requires
the most sensitive instruments. We therefore use data from
the most sensitive X-ray mission XMM-Newton, already
analysed by Balman et al. (2011) and Balman & Revnivtsev
(2012). We used archival data of RUPeg, ObsID 0551920101,
taken June 9, 2008. The data were downloaded from the
XMM-Newton Science Archive, and science products ob-
tained with the Science Analysis Software (SAS), version
11.0. We used the tool xmmextractor to re-generate cal-
ibrated events files from which in turn light curves were
extracted for all instruments. Optimised extraction re-
gions for the EPIC detectors were calculated with the tool
eregionanalyse while for the Reflection Grating Spectrom-
eter (RGS) and the optical monitor (OM), standard extrac-
tion regions were used by xmmextractor. We used the RGS
and OM light curves only for consistency checks while for
EPIC, we combined the pn and MOS light curves for best
signal-to-noise for detailed analysis. The combined EPIC
light curve is shown in Fig. 1.
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Figure 1. X-ray light curve of RUPeg. The three light curves
from XMM-Newton detectors MOS1, MOS2 and PN have been
summed up.
3 POWER DENSITY SPECTRA
We first reproduce the results by Balman & Revnivtsev
(2012) using the full light curve in a single analysis step.
We then pursue a statistical approach by break the entire
light curve into several shorter pieces and perform power
density spectra (PDS) analysis on each one of them. Subse-
quently we determined a mean PDS and measured the PDS
parameters. This approach yields smaller scatter and thus
more accurate conclusions. We note that we use different
units for the y-axis as described below.
3.1 Determination of Parameters
For timing analysis of the summed XMM-Newton EPIC
light curves, we applied the Lomb-Scargle algorithm (Scargle
1982). We first used the full data set to calculate a power
density spectrum (PDS). In the top panel of Fig. 2, we
show this PDS in the same way as Balman & Revnivtsev
(2012), i.e. with the y-axis in units of power p multiplied
by frequency f . We binned the PDS into 0.1dex in the
logarithmic frequency scale and find consistent results as
Balman & Revnivtsev (2012). The main difference is that
we show the low frequency part with higher resolution.
This part of the PDS appears flat and noisy. Considerably
higher binning is required to decrease the scatter (as used by
Balman & Revnivtsev (2012)) but such procedure obscures
many details that we intend to resolve, thus our different
approach.
The scatter is an inherent characteristics of the PDS
which can not be reduced by using higher time resolution
or longer duration of the light curve. One way to reduce
the scatter is to calculate a sample of PDS from different
segments of the entire light curve from which a mean PDS
is determined. This is a standard procedure in the case of
optical ground-based observations from different nights. We
sub-divided the total 46.3-ks light curve into 4, 6, 8, and
10 subsamples and calculated the mean PDS; a larger num-
ber of subsamples reduces the range of useful frequencies
in the PDS at the low frequency end. The high frequency
end is constrained by the time resolution of the light curve.
A higher resolution extends the PDS to higher frequencies
c© 2012 RAS, MNRAS 000, 1–12
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where the PDS is dominated by white noise. The transition
to white noise is not abrupt, and we found 50 s binning to
be the optimal resolution.
Furthermore, following Papadakis & Lawrence (1993),
the resulting mean PDS is binned and each bin is evalu-
ated as 〈log p〉 rather than log〈p〉. Therefore, as units for
the y-axis, we used p instead of f × p1 that was used by
Balman & Revnivtsev (2012). For any additional fitting, the
binned 〈log p〉 values are used.
Fig. 2 (except the top panel) shows the new PDS binned
into 0.1dex in the logarithmic frequency scale. The reduc-
tion in scatter can clearly be seen and can be attributed to
the use of more light curves per mean PDS, but mainly to
different y-axis units. The PDS shape is robust against the
choice of sub dividing the light curve. The low frequency
PDS is characterised by a ”plateau” while the high fre-
quency part decreases in power with increasing frequencies.
This shape is typical for observed flickering, i.e. white noise
for the low frequency end and red noise at high frequen-
cies. This PDS is usually fitted by a constant and a power
law, but in our PDS, an additional constant ”plateau” is
present between frequency values -3.0 and -2.5dex. Such
PDS shape has frequently been observed in X-ray bina-
ries (see e.g. Sunyaev & Revnivtsev 2000, van der Klis 2005,
Done et al. 2007). Therefore, we fitted the binned PDS with
a multicomponent model, i.e. white noise - red noise - white
noise - red noise (constant - power law - constant - power
law). This more complex model yields considerably better
reduced χ2 of 6.29 over a simple white noise - red noise
model with reduced χ2 equal to 11.70 in the 10 subsample
case. Fig. 2 shows the multicomponent fits (in the top panel
we show also the equivalent version with four power laws for
the different y-axis units) for every light curve division and
in Table 1 we list the corresponding fitted parameters. The
results are very similar except for the first power law index
and first break frequency. The uncertainty studies (see be-
low) show that these parameters have the largest error and
all values agree within the estimated uncertainty. A consid-
erably higher number of the light curve subsamples would
be needed to improve the results requiring a much longer ob-
servation to keep reasonable subsample duration. With the
existing data, we thus continue our analysis with 10 sub-
samples and the corresponding fitted parameters.
While the main objective of this paper is the study of
X-ray variability, we also compute a PDS for the OM light
curve that we will need for comparison with the X-ray PDS
in Sect. 5. The data are of lower quality, with lower resolu-
tion, and the light curve is not continuous. Therefore, they
are not suitable for a detailed analysis as for the X-ray data.
The PDS derived from the undivided light curve with fre-
quency range and resolution as the previous 10 light curve
X-ray case is shown in the bottom panel of Fig. 2. The inset
panel shows the PDS after the same procedure was applied
as for the X-ray light curve using the 10 light curve subsam-
ple per mean PDS. The PDS parameters are summarised in
Table 1.
1 It is worth to note, that a flat PDS in units of f × p is a power
law in PDS in units of p.
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Figure 2. Binned PDS of the X-ray light curve divided into 4,
6, 8, and 10 segments, and PDS from the OM data (see legends
in each panel). The main PDS is from the undivided light curve
and the inset panel is from the light curve divided into 10 parts.
The errors are those of the mean, while the solid lines represent
the power law fits.
Table 1. Fitted PDS parameters calculated from the summed
light curve from the three XMM-Newton detectors MOS1, MOS2,
PN (marked as X) and from OM (marked as UV). n is the number
of light curve subsamples, pl1, pl2 are the power low indices (low
and high frequency ends, respectively) and f1, f2 and f3 are the
break frequencies. The values in parentheses are 1-σ uncertainty
for n = 10 derived in Sect 3.2.
n pl1 pl2 log(f1) log(f2) log(f3)
4 -1.79 -1.72 -3.59 -2.88 -2.70 X
6 -1.84 -1.67 -3.58 -2.92 -2.69 X
8 -1.77 -1.70 -3.39 -2.90 -2.72 X
10 -1.57 -1.62 -3.53 -2.89 -2.71 X
10 (±0.77) (±0.37) (±0.25) (±0.17) (±0.13) X
1 -1.56 – -3.52 – – UV
10 -1.65 – -3.32 – – UV
10 (±0.54) – (±0.26) – – UV
c© 2012 RAS, MNRAS 000, 1–12
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Figure 3. Histograms of the fitted PDS parameters for an esti-
mate of uncertainties. Ten light curves were produced to generate
a mean PDS. The simulations were repeated 10000 times. Dotted
lines are the Gaussian fits to the histograms.
3.2 Uncertainty estimate
To assess an uncertainty in our statistical approach, we took
into account the number of light curves used per mean PDS
as it determines the scatter. We simulated 10 light curves
with the same duration and sampling as the observed data
and we calculated the mean PDS as in Sect. 3.1. Variabil-
ity was modelled following the measured PDS shape using
the method of Timmer & Koenig (1995). As the frequen-
cies in the inverse Fourier transform are discrete, the break
frequencies were chosen to be close to that observed. We
repeated the process 10000 times and a Gaussian function
was fitted to the histograms of fitted parameters (Fig. 3).
We define the uncertainty of parameters by the 1-σ values
of the Gaussian fits (Table 1).
The histograms do not always show a perfect Gaussian
profile, i.e. in the first break frequency. This is owing to the
duration of the light curve subsample. The low frequency
end prevents the histogram from completing the Gaussian
shape. This is more problematic in the first power law in-
dex case. The distribution is asymmetric, hence the fitted
1-σ uncertainty can be underestimated. But even with this
underestimated value we can already conclude that the un-
certainty is rather large (49%) and this will be taken into
account in our later PDS modelling.
For the UV data, we performed the same uncertainty
estimate. We are again interested in the mean PDS with
〈log p〉 as y-axis value, hence we searched for the uncer-
tainty of the 10 light curve division case. The values are
given in Table 1. Taking this 1-σ value from a Gaussian fit
as error, the break frequency in the UV PDS agrees with the
f1 value from the X-ray PDS and not with f3 as suggested
by Balman & Revnivtsev (2012). However, we determined
the 1-σ (67%) errors while Balman & Revnivtsev (2012)
used 2-σ (95%) errors. If we expand our error range to the
same level, we get the same results as Balman & Revnivtsev
(2012). However, this approach is counterproductive, be-
cause any different values would agree within the errors
when increasing the error range, which also increases the
confidence error range2. Therefore, when testing whether
two values agree, we prefer to operate at a higher level of
general doubt in exchange for smaller error ranges. Finally,
we suggest that the UV frequency f1 is different from the
X-ray frequency f3 with a minimal confidence level of 67%,
but the UV f1 agrees well with the X-ray frequency f1.
4 SIMULATION STUDY
In order to test possible physical origins of the observed
fast variability patterns, we simulated synthetic light curves
based on given physical assumptions, performed the same
PDS analysis as described above, and compared the result-
ing parameters to the ones derived from the observations.
4.1 The model
It is believed that the disc is highly turbu-
lent (Dobrotka et al. 2010, Dobrotka et al. 2012,
Romanova et al. 2012) and the mass flow through the
disc is not steady. Therefore, also the flow from the inner
disc to the boundary layer should have a similar turbulent
behaviour. This process was simulated by Romanova et al.
(2012). The authors found that MRI-driven (magnetoro-
tational instability, Balbus & Hawley 1998) turbulence
develops in the disc and mass accretion rate variability
at the central star surface is associated with accretion of
individual turbulent cells. This turbulent inhomogeneous
flow is producing light curve modulation. In other words, a
fluctuation in mass inflow from the inner disc can increase
or decrease the overall X-ray flux (situation 1 in Fig 4).
This can be observed as variability on viscous time scales.
In the following we study variability generated by turbulent
unstable mass supply from the inner disc. This mechanism
was also proposed by Revnivtsev et al. (2010).
4.2 Light curve modelling
Our method of light curve simulation is based on a simple
idea of a fragmented accretion flow similar to Dobrotka et al.
(2010) and Dobrotka et al. (2012). The matter is ”falling”
from the inner disc toward the white dwarf in a flow that
consists of blobs of matter with dimension scale x. This scale
is exponentially distributed following the function
f(x) = exp(ax). (1)
where a < 0. The boundary conditions of the distribution
are f(0) = 1 and f(H) = 0.01, where H is the scale height
of the inner disc as maximum dimension scale xmax. The
equation (1) becomes
2 Typical examples of comparable PDS from different ener-
gies are obvious in the case of intermediate polars V1223 Sgr
(Revnivtsev et al. 2010) and EXHya where the PDS slopes and
break frequencies are almost equal (Revnivtsev et al. 2011).
c© 2012 RAS, MNRAS 000, 1–12
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Figure 4. Schematic (not to scale) pictures of investi-
gated/discussed models. See text for details.
f(x) = exp
[
ln f(H)
H
x
]
. (2)
The scale height of the inner disc is estimated from
H = cs
(
r
GM
)1/2
r, (3)
(see e.g. Frank et al. 1992) where r is the distance from the
centre, G is the gravitational constant, M is the primary
mass and cs is the sound speed calculated from
cs =
(
kT
µmH
)1/2
, (4)
where k is the Boltzmann constant, µ is the mean molec-
ular weight (0.615), mH is the hydrogen atom mass and T
is the temperature at the inner disc. Following the disc in-
stability model (Lasota 2001) this temperature in quiescent
novae discs should be below the value of hydrogen ionisa-
tion, i.e. less than 8000K. Observations of V4140 Sgr yield a
temperature of 6000K in the inner disc (Borges & Baptista
2005), whereas observations of V2051Oph also in quies-
cence showed a temperature of the inner disc to be 13500K
(Vrielmann et al. 2002). We base our modelling on the the-
ory of the disc instability model and we use an inner disc
temperature of 5000K. Additional tests of our simulations
showed that the results do not change significantly when as-
suming temperatures of order ±103 K and we consider them
robust.
In our algorithm, we chose a certain number of bod-
ies Nb with a dimension scale x (a sphere with a radius
x in our approximation) following the distribution function
(2). The total mass is calculated using the density at the
inner disc. Dividing this total mass by the measured mass
accretion rate of RUPeg, we get the total duration of the
synthetic light curve. Therefore, the chosen initial number
of bodies Nb should give the final light curve duration sim-
ilar to the observed light curve, i.e. 4630 s in the 10 light
curve subsample division (Sect. 3.1) or if the duration is
longer, only the 4630 s part is taken for a subsequent anal-
ysis. Every spherical blob of matter flowing from the inner
disc releases an amount of energy and produces a sine square
shape flare3. All flares with certain duration and amplitude
(calculation explained later) are randomly redistributed into
the calculated duration. A synthetic light curve sampled as
the observed one is constructed.
The duration of every sine square flare is calculated
from the body dimension scale x divided by the radial vis-
cous velocity vr
vr =
3ν
2r
(
1−
√
rwd
r
)−1
, (5)
where rwd is the white dwarf radius estimated from
Nauenberg (1972) (rwd = 2.98 × 10
8 cm) and r is the dis-
tance from the centre. The parameter ν is the turbulent
kinematic viscosity parametrised by a dimensionless coeffi-
cient α as (Shakura & Sunyaev 1973)
ν = αcsH, (6)
where H is the scale height of the inner disc and cs is the
sound speed. Typical values of α for dwarf novae in quies-
cence are of order 0.01 (see Lasota 2001 for review). We used
an interval from 0.01 to 0.05.
We caution that our model is not a physical model,
but rather a statistical approach. We are not calculating the
real flare amplitude in flux, but only a relative amplitude
as a function of the flare duration which is crucial in tim-
ing analysis. The energy E released by the spherical body
with a dimension scale x, density ρ in the distance r can be
expressed as
E ∼ G
M 4/3 pix3ρ
r
∝ x3. (7)
The flare has a sine square shape and the released energy is
proportional to the flare surface S. This sine square surface
is equal to the triangle surface with the same amplitude and
duration. Therefore, the surface S can be expressed by the
simple analytic formula
S =
tA
2
, (8)
where t is the flare duration and A is the amplitude that we
seek to determine. Using E ∼ S and t ≃ x/vr we get
A ∝ x2vr or A = Kx
2vr. (9)
K is a constant which has to be calculated. We choose a
relative amplitude of 1 when the body dimension scale is
equal to the scale height of the inner disc, which is satisfied
by the condition 1 = KH2vr. Therefore, the final amplitude
is calculated as
A =
(
x
H
)2
. (10)
In Fig. 5 we show four examples of simulated light
curves assuming 2.0 × rwd as inner disc radius rin and
α = 0.05 in equation 6. These artificial light curves were
3 The instantaneous energy release of a spherical body penetrat-
ing into the boundary layer or stellar surface is proportional to
the surface of a spherical section with diameter ρ = x sin(β), and
the surface is proportional to ρ2. The angle β is the phase of the
penetration; β = 0 and β = pi are the first and last contacts (be-
ginning and end of the flare) respectively. We also tried sine and
triangular shaped flares and it has little impact on results.
c© 2012 RAS, MNRAS 000, 1–12
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Figure 5. Simulated light curves with 2.0× rwd as inner disc ra-
dius and α = 0.05 in equation 6 testing different numbers of flares
(see text for details). The labels at the bottom of each panel are
the mean power law index (pl) and logarithm of break frequency
(log(f)) with 1-σ uncertainty obtained after 1000 simulations.
used to test the influence of the number of flares per inves-
tigated light curve duration. As already mentioned in this
section, the number of flares is selected following the mass
transfer rate, but sometimes the calculations are very time
consuming. Therefore, we investigated whether a reduction
in the number of flares has an effect on the resulting PDS.
The labels in Fig. 5 show the mean PDS parameters with 1-
σ uncertainty calculated from 1000 simulated light curves. It
is clear that the total number of flares is not important. Cru-
cial is the relative quantity of different time scales. There-
fore, later when necessary we used a lower number of flares
than Nb, while keeping the same light curve duration.
4.3 Results
The typical shape of the resulting PDS is a broken power
law. We calculated 10 light curves per mean PDS (as per-
formed with observed data in Sect. 3.1) and fitted a broken
power law model to the resulting mean PDS. We repeated
the process 1000 times. We determine power law index and
break frequency with uncertainties from a Gaussian func-
tion fitted to the respective PDS parameter histograms. We
investigated different models with different inner disc radii.
The mean value with a 1-σ uncertainty as a function of α is
depicted in Fig. 6. The observed PDS parameters with 1-σ
intervals from Table 1 are shown as darker shaded areas.
We searched for solutions matching (one of) two observed
broken power laws with parameters f1, pl1 or f3, pl2.
The modelled break frequencies agree with the observed
f1 for all tested models with approximately rin = 1.2 −
2.1 × rwd. Models with larger radii do not show this break
frequency in the studied interval. For these larger inner disc
radii models, the break frequency exceeds the lower end of
the calculated PDS defined by the observation duration. The
PDS has no broken power law shape in the studied frequency
interval, but it is a simple power law. Those models are
therefore not adequate. Furthermore, the higher observed
break frequency f3 is satisfied only for very small inner disc
truncations, 1.2× rwd or less.
Finally, all modelled power law indices except the model
with rin = 1.1×rwd are considerably below the observed pa-
rameter intervals. At large inner disc radius (rin = 2.1−6.0×
rwd), the resulting power law slopes are insensitive against
variations in studied α interval. In fact, when increasing α,
the power law index curve passes through a minimum and
then starts to increase. The minimum reaches lower values of
α for smaller inner disc radii which can be seen in the model
with rin = 1.1×rwd. This model marginally matches the ob-
served power law pl1, but does not match the corresponding
frequency f1.
Apparently, our modelling is able to reproduce the ob-
served break frequency, but not the slope (or the correspond-
ing slope). What is the real meaning of this red noise slope?
The PDS power is strongly decreasing (with a power law
index about -3). This means that variability patterns that
are considerably shorter than the break frequency are not
present or significant (Fig. 5). This means that there must
be an additional process adding shorter variability to the
observed light curve with frequencies higher than the break
frequency. Our simulations have shown that the viscous sce-
nario is not able to reproduce this short term variability
and a different physical mechanism is required to explain
this part of the PDS.
4.3.1 Impact of uncertainty in white dwarf mass
Our modelling depends on the primary mass which has con-
siderable uncertainty with a range of values 1.09 to 1.45M⊙
(Stover 1981, Wade 1982, Shafter 1983). We tested also these
extreme values4. In these models, we keep the inner disc ra-
dius constant in cm units, because rwd changes with mass.
All subsequent inner disc radii are given in rwd units for
better comparison with Section 4.3.
The simulated PDS slopes show the same behaviour
as in the previous simulations. The power law indices of
models satisfying break frequency f1 or close to it remain
considerably below the observed values. Once the simulated
break frequency approaches the observed value f3, the power
law index approaches the observed higher values as well. The
two parameters are therefore correlated and, as concluded
in the previous section, we are able to model the observed
break frequency, but not the slope (or the corresponding
slope), implying that an additional process is generating the
fast variability.
In general, a higher primary mass implies a lower break
frequency and vice versa. In Fig. 7 we illustrate models for
4 The upper value is above the Chandrasekhar mass limit and is
thus unconstrained. Using the uppermost limit 1.45M⊙ would re-
sult in a negative number using Nauenberg (1972) radius estimate
and 0 radius using value 1.44M⊙ (useful for Equation 5). There-
fore, as an upper value we used 1.40M⊙ with ”secure distance”
from the critical mass.
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Figure 6. Probability diagram of simulated break frequency
(top) and power law index (bottom) as a function of the disc
parameter α for different models assuming a white dwarf mass
of 1.29M⊙ and four inner disc radii, in units of white dwarf ra-
dius, given near the corresponding curves. 1-σ confidence intervals
are marked with light shadings around the corresponding curves,
where in the bottom panel, some confidence ranges are omitted
for readability. The observed values of break frequency and power
law index with their 1-σ uncertainties (see Table 1) are included
with horizontal dark shaded areas. Intersections between dark
and light shadings in top and bottom panels indicate values of α
that are consistent with the observations.
the lower5 and higher mass limit. The lower mass moves the
simulated curves toward higher break frequencies, while the
higher mass did the opposite. The maximal possible inner
disc radius for the lower and upper mass case is approxi-
mately 2.7 and 1.4× rwd, respectively.
As already mentioned, all models have power laws below
the observed values except the model with rin = 1.2 × rwd
for M = 1.09M⊙. This solution matches the high frequency
part of the observed PDS, i.e. broken power law with break
frequency f3 and power law index pl2.
5 DISCUSSION
A typical shape of a flickering PDS in cataclysmic variables
is a broken power law, i.e. white noise and red noise in the
low- and high frequency parts, respectively. The observed
PDS of the dwarf nova RUPeg in quiescence has two such
components. Therefore, the goal is to explain two break fre-
quencies f1 and f3 (Tab. 1). Our simulations of fast X-ray
variability are based on unstable mass accretion from the
inner disc to the boundary layer. However, with our model
we are able to explain only one break frequency. An addi-
tional mechanism is needed to explain the rest of the PDS. In
5 The lower mass limit yields a larger white dwarf radius of 0.48×
109 cm. Therefore, the models with rin 6 1.4 × rwd from Fig. 6
make no sense in this case.
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Figure 7. The same as top panel of Fig. 6 assuming white dwarf
masses 1.09M⊙ (top) and 1.40M⊙ (bottom), exploring the un-
certainty range.
general the brightness variability is caused by a fragmented
accretion flow that originates in different regions of the ac-
cretion flow. The dimension scale of the fragments and ra-
dial velocity influence the PDS characteristics. In general,
smaller and/or faster fragments generate shorter time scale
events. This moves the break frequency towards higher val-
ues.
5.1 Identification of the break frequencies
Due to large uncertainty of the measured break frequency f1
and the large interval of tested values of α, all investigated
models with inner disc radii approximately about 2×rwd and
below match the lower break frequency f1. When simulating
the accretion process with very small inner disc radius (lower
than 1.2× rwd), the simulated values match also the higher
break frequency f3. More detailed discussion is needed to
assign the correct frequency to the modeled viscous process.
5.1.1 Lower break frequency f1
A disc with inner disc radius lower than 1.2 × rwd has a
boundary layer radial width rbl lover than 0.2 × rwd. Our
observations were taken during a phase of quiescence, hence
the boundary layer was in the optically thin regime. The
transition from the optically thick disc to the optically thin
boundary layer is abrupt. The temperature can exceed 108 K
and the gas density drops to 10−9 g cm−3 close to the white
dwarf surface for a mass accretion rate of 2×10−11 M⊙ yr
−1
(Narayan & Popham 1993, Medvedev & Menou 2002)6. The
radial width and temperature of the boundary layer in-
crease with decreasing mass accretion rate. For the mass
6 The distance uncertainty of 20 pc yields a mass accretion rate
uncertainty of 0.3× 10−11 M⊙ yr−1.
c© 2012 RAS, MNRAS 000, 1–12
8 A. Dobrotka, S. Mineshige and J.-U. Ness
accretion rate of RUPeg this width is approximately 0.4
times the white dwarf radius (Narayan & Popham 1993).
However, taking the break frequency f3 as reference, the
boundary layer radial width upper limit is only 0.2 × rwd
(Fig. 6). Therefore, not in agreement with the estimate of
Narayan & Popham (1993). The model with rin = rbl =
1.4×rwd agrees only with the break frequency f1. The same
is valid also using the lower primary mass limit. We can not
study the upper limit case, because the upper mass limit is
not constrained and the simulated PDS parameters are very
sensible to mass changes close to the Chandrasekhar mass
limit. Therefore, our unstable mass accretion rate model
supports rather the break frequency f1 as the observational
manifestation of this viscous turbulent process.
Furthermore, any fluctuations in mass accretion rate
through the inner disc must modulate in the same way
both the UV radiation of the inner disc and X-ray of the
boundary layer. Therefore, both types of variability must
have the same characteristic frequencies and must be corre-
lated. In the Section 3 we identified also a break frequency
in UV PDS. This break frequency is in agreement with
the X-ray break frequency f1 and do not agree within the
errors with the second detected break frequency f3. Fur-
thermore, Balman & Revnivtsev (2012) studied the correla-
tion between X-ray and UV data and found that the data
are correlated. The strongest correlation is at ∼ 0 s delay.
The cross-correlation function is asymmetric with an addi-
tional component in the delayed part. This indicates that
the X-rays are partly delayed with respect to the UV vari-
ations. The delay is smooth with no visible discrete domi-
nant peak. But an additional fit centred around 97-109 s ex-
plains this asymmetry well. Following the interpretation of
Balman & Revnivtsev (2012) this means, that part of the X-
rays are delayed by ∼ 100 s. Following the authors the mea-
sured time delay is the time travel from the inner disc to the
stellar surface. Alternative explanation can be in different
flare profiles in the two bands as in Cyg X-1 (Negoro et al.
2001). The time lag between soft and hard X-rays is mislead-
ing in this black hole binary and it represents slower growth
of the soft X-ray radiation. The cross-correlation function
do not show any significant peak suggesting the real time
lag (Maccarone et al. 2000). Instead, the peak is at zero lag
with obvious asymmetry. The larger the energy difference of
two compared bands, the stronger the asymmetry. In RUPeg
case an inhomogeneity/blob of matter is formed in the inner
disc and starts to radiate in UV (the slow rise of UV radia-
tion). When it enters the boundary layer it starts to radiate
in X-ray via free-free radiation with much shorter time scale
(rapid rise of X-ray). At this transition boundary, where the
matter blob enters the boundary layer, the UV is gener-
ated practically at the same time as X-rays (culmination of
both wavebands with no time lag). Subsequent evolution of
the flare is driven by the decreasing viscous flow7 of matter
from the blob at the inner disc (slow UV and X-ray decline).
Therefore, the observed asymmetry of the cross-correlation
function can be due to accretion flow generating different
radiative processes with different time scales at the disc-
7 The only driving velocity is the viscous velocity of the flow from
the disc. The radial velocity in the corona or the boundary layer
does not play a role here.
boundary layer or disc-corona (see Section 5.2 for discussion
of the corona) transition.
Therefore, mainly because of the break frequency agree-
ment in both studied wavebands, we conclude that the fre-
quency generated by the viscous process is the frequency f1.
The idea of the mass flow through the inner disc modulat-
ing both UV and X-ray with the same break frequency was
proposed also by Revnivtsev et al. (2010), but with different
values (the difference is explained in Section 3.2).
5.1.2 Higher break frequency f3
The second break frequency f3 is generated by a faster pro-
cess than the viscous mass accretion rate. This suggests that
the generating region is localised closer toward the central
star than the inner disc radius. The boundary layer is a
possible candidate. The angular velocity decreases rapidly
within the boundary layer until the surface angular velocity
of the white dwarf is reached. This region must be subject to
Kelvin-Helmholtz instability. This instability occurs when-
ever there is a velocity gradient to the flow along the direc-
tion that separates two fluids (see Padmanabhan 2000 for
review). The accretion flow supplying the boundary layer is
fragmented into small blobs which produce unstable X-ray
emission, i.e. studied fast variability (situation 3 in Fig 8).
Such hydrodynamical processes are poorly studied and the
precise determination of the break frequency f3 via this
mechanism is beyond the scope of this paper. However, few
time scale estimates can give us a rough image of the possi-
ble mechanisms.
Balman & Revnivtsev (2012) already applied a Keple-
rian time scale assuming that the frequency f3 is produced
at the inner disc. The resulting inner disc radius from our
measurement of f3 is 1.04 × 10
10 cm, or 35 × rwd. This ra-
dius is much higher than the upper limit derived in this work
(Fig. 6). Therefore, this possibility is not in agreement with
our simulations.
When the blob of matter enters the boundary layer, it
is heated to the temperature of about 108 K and due to low
densities it is radiating via free-free emission. The frequency
integrated emissivity J is given by
4piJ = 1.4× 10−27g n2T 1/2 [erg cm−3 s−1], (11)
where n is the number density approximated as density
10−9 g cm−3 divided by the hydrogen/proton mass (n ≃
6× 1014 cm−3), T is the plasma temperature 108 K and g is
the frequency average of the Gaunt factor varying between
1.1 and 1.5 (see e.g. Padmanabhan 2000). The cooling time
scale is estimated as thermal energy per unit volume of the
gas (∼ 3nkT , k is the Boltzmann constant) divided by the
emissivity 4piJ . For the Gaunt factor interval this gives time
scales from approximately 3.3 to 4.5 s. The corresponding
frequencies are 0.30 Hz and 0.22Hz (in logarithmic values
-0.52 and -0.65 respectively). The values are obviously not
in agreement with the detected f3 frequency. Therefore, the
idea of a fragmented hot accretion flow (conserving the over-
all initial inhomogeneity at the inner disc) cooled by the
free-free emission is not consistent with the detected f3 fre-
quency, unless there is an additional heating source, which
suppresses cooling of the boundary-layer material. The most
plausible source could be magnetic energy dissipation.
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Alternatively, free-free cooling might produce the esti-
mated characteristic frequencies between 0.22 and 0.30Hz.
In such case, the frequency f3 would be generated by an ad-
ditional third process, where the fragmentation region could
be the disc-corona interaction (see next Section for discus-
sion of the corona). If the disc accretion is turbulent, then
the corona accretion can also be highly turbulent. Such un-
stable accretion flow would be generating unstable X-ray
radiation. Therefore, the alternative third scenario could be
localised in the corona itself. But any further detailed study
is out of scope of this paper.
5.2 Truncated disc and the inner hot X-ray
corona
Unfortunately with the present estimate of α and the high
uncertainty of measured break frequencies and primary
mass, we are not able to determine precisely enough the
inner disc radius. We can roughly estimate that the inner
disc can reach a maximal radius 0.80 × 109 cm. The disc
can either be slightly truncated or fully developed down to
the stellar surface with an unknown boundary layer radial
thickness. For a primary mass of 1.29 rwd, the maximal inner
disc radius is about 2.1 × rwd. Assuming that the bound-
ary layer radial thickness is correlated with the primary
mass (and thus also the primary radius) and the value is
0.4 × rwd (Narayan & Popham 1993), the larger rin values
1.4 − 2.1 × rwd must be generated by a different process.
Such disc would be slightly truncated.
The inner disc truncation is generally accepted mainly
by theoretical but also by some observational works. It ex-
plains the missing boundary layer problem (Pandel et al.
2005) and the UV delay in dwarf nova outbursts (Lasota
2001, Schreiber et al. 2003). Simulations of such outburst
activity in SSCyg used an inner disc radius of about
2× 109 cm, which is approximately 5× rwd (Schreiber et al.
2003), which is considerably higher than derived in this pa-
per. Optical fast variability known as flickering has been
studied and the results also suggest an inner disc trunca-
tion in the nova-like star KRAur and the symbiotic sys-
tem TCrB (Dobrotka et al. 2010, Dobrotka et al. 2012).
The KRAur case gives the inner disc radius in the inter-
val 1.56 − 1.67 × 109 cm, which is 1.79 − 1.92 × rwd. The
white dwarf radii units give similar results to our results for
RUPeg. The derived TCrB inner disc is at radius of about
4 × 109 cm which is 20 × rwd. The latter value is consid-
erably larger than for RUPeg which can be explained by
the larger mass of the white dwarf, implying a smaller ra-
dius. A truncated disc with rin = 4 × rwd (2.5 × 10
9 cm
with a 0.91M⊙ primary from Catala´n 1995) is suggested
by eclipse fitting in HTCas during the rise to outburst
(Ioannou et al. 1999). Even though this was not during the
quiescence and the inner disc should start to shrink, the val-
ues are larger than the estimated RUPeg inner disc radius.
Furthermore, an important method to study the disc is the
eclipse mapping in high-inclination systems. In such study
of V2051Oph (Baptista & Bortoletto 2004) and V4140 Sgr
(Borges & Baptista 2005) the inner disc hole can be esti-
mated from the innermost point in the radial brightness
temperature distribution figures. In V2015Oph case the
disc seems not to be truncated, while in V4140 Sgr this
gives an inner disc radius rough estimate of about 2 × rwd
Figure 8. Schematic (not to scale) pictures of investi-
gated/discussed models. See text for details.
(1.39×109 cm) which is consistent with our finding in white
dwarf units. However, it is worth to note, that the eclipse
mapping resolution is very limited, which can pose problems
in identifying whether the disc is truncated or not.
An attractive explanation for the inner disc
truncation is an evaporated X-ray corona (see e.g.
Meyer & Meyer-Hofmeister 1994). The matter is evaporat-
ing from the disc to a hot optically thin corona and every
inner disc inhomogeneity is propagating further (situation
2 in Fig 4). At some point all matter is evaporated and
the disc disappears in the optically thick geometrically thin
form (inner disc radius). The matter flows through this
extended corona toward the central white dwarf, where
it interacts with the slowly rotating stellar surface. The
tangential velocity starts to decrease near the stellar surface
and the kinetic energy is released. This forms the classical
boundary layer around the white dwarf with differential
rotation fragmenting the matter via Kelvin-Helmholtz
instability (situation 4 in Fig. 8). In order to satisfy the
conditions for Kelvin-Helmholtz instability we need two
regions with different angular velocity or a fluid with a
gradient of this velocity. Following Liu et al. (1995), the
matter evaporating from the innermost disc region forms a
rotating gas cloud and fills the space between the disc and
white dwarf by a geometrically thick tenuous ”accretion
disc”. The evaporated gas has considerable amount of
angular momentum and after passing through a turbulent
region (due to studied Kelvin-Helmholtz instability) this
angular momentum is completely lost, and the gas becomes
subsonic. The rotationally supported gas ”changes” into
pressure supported gas around the white dwarf. Therefore,
the idea is the same as the original concept of disc-white
dwarf interaction through the boundary layer as a region
with strong angular velocity gradient.
Therefore, the possibility that the disc is truncated and
that the X-ray corona is fragmenting at the boundary layer
outer edge is consistent with recent theories and concepts.
More detailed investigation is needed to deduce whether or
not the disc is truncated. An independent α parameter de-
termination would help. Finally, the possible maximal inner
disc truncation in RUPeg is in agreement with few systems
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only in white dwarf radius units. Otherwise, in cm units the
inner disc radius in RUPeg is considerably smaller than in
other studied systems.
5.3 Comparison to other observed PDS
Revnivtsev et al. (2010) claims that the PDS of optical and
X-ray observations of intermediate polars should be similar,
because in both cases the flux variability is caused by the
same fluctuations of the mass accretion rate. An alterna-
tive scenario is reprocessing of X-rays by the disc and re-
radiation of the same variability in UV. Furthermore, they
suggest that this can be valid also for dwarf novae in the
quiescent state. This idea is exactly the same we used in
this paper. Following our work, low frequencies satisfy this
idea while high frequencies do not.
Imagine a turbulent eddy as a fluctuation of the mass
transfer rate at the inner disc with radius of 2.0 × rwd in
RUPeg system. Then we assume that this blob of matter
with a dimension scale of 24% the scale height of the disc
will penetrate into the boundary layer with a viscous ve-
locity at the inner radius. Using equations (3), (4) and (5)
this event will last approximately 3400 s. This time scale is
equivalent to f1 frequency logarithm of -3.53. If we want to
get 10 times shorter duration of the event, i.e. frequency log-
arithm equal to -2.53, we need to account for an accretion
eddy with 10 times smaller dimension scale. Approximating
the penetrating bodies as spheres, 10 times smaller spheres
have 1000 times lower volumes. With the same density, the
transferred mass and consequently the released energy is also
1000 times smaller. Such a short event would be negligible
compared to the longer ones. This concept is demonstrated
in the Fig. 5. The short events are present following the dis-
tribution function (2), but their amplitudes are so small that
the long events dominate.
Therefore, an additional mechanism should produce
even fainter fragmentation of the large inhomogeneities. The
Kelvin-Helmholtz instability is a promising approach. It can
be imagined as spilling a bucket of water out of a window
(the accretion fluctuation at the inner disc). The same quan-
tity of water will fall on the floor (large event), but frag-
mented into small drops (superposed short events). In con-
clusion, the extrapolation of the intermediate polar picture
to dwarf novae presented by Revnivtsev et al. (2010) is not
certain.
Furthermore, the UV and X-ray PDS coming from dif-
ferent regions should have different characteristics, mainly
in the break frequency. We discussed this in Section 5.1.1.
Similar different UV and X-ray PDS is possible also in the
case of SSCyg in quiescence where the PDS in X-rays shows8
higher break frequency than in UV (Balman & Revnivtsev
2012).
Moreover, the dwarf nova VWHyi in quiescence dis-
plays at first sight similar PDS in both discussed wave-
lengths (Balman & Revnivtsev 2012). But the X-ray case
has an interesting shape. It it very similar to our multicom-
ponent behaviour, i.e. two possible break frequencies, two
power laws and two almost constant intervals. The UV break
frequency agrees well with the lower break frequency in the
8 depending again on chosen error interval as we did in Section 3.2
X-ray PDS. This suggests the same behaviour as discussed
in the previous paragraphs, where the inner disc generates
larger fluctuations (displayed as break frequency in UV PDS
and lower break frequency in X-ray PDS) which are sub-
sequently fragmented into smaller bodies and observed as
fast X-ray variability (displayed as higher break frequency
in X-ray PDS). But the observed X-ray PDS of VWHyi in
Balman & Revnivtsev (2012) has large errors in high fre-
quencies, hence our interpretation is questionable.
Our concept of low and high break frequencies arising in
the accretion disc and boundary layers, respectively is not
unique to RUPeg alone as multicomponent power spectra
were also observed in X-ray binaries. Sunyaev & Revnivtsev
(2000) summarised PDS characteristics of 9 black hole and 9
neutron star X-ray binaries in quiescence. Some power spec-
tra from neutron star systems show similar characteristics
as we found for RU Peg, i.e. a multicomponent shape with
four different components and two characteristic break fre-
quencies (see upper panel of Fig. 2). The most significant
similarity can be seen for the systems 4U1608-522, GX354-
0 and KS 1731-260. 4U1705-44 has also the same shape,
but in this case the low frequency part is not a straight
line. The PDS of 4U0614+091 is also similar but with an
additional broken power law (break frequency). Following
the authors, the lower break frequency can be generated in
the inner disc edge caused by the viscous process (see also
Done et al. 2007), and the high frequency part is generated
in the boundary layer near/at the surface of the neutron
star. Sunyaev & Revnivtsev (2000) propose different physi-
cal scenarios to explain the high frequency variability. They
also discuss Kelvin-Helmholtz instabilities, differently than
we do, but their explanation applies better to periodic or
quasiperiodic events. Our model is an alternative that can
potentially aid future detailed studies of neutron star sys-
tems. Finally, owing to the absence of a solid surface in
black hole systems, none of the PDS show a multicompo-
nent shape.
6 SUMMARY
In this paper we study fast X-ray variability of the dwarf
nova RUPeg in quiescence. We present a new X-ray anal-
ysis of data and elucidate the statistical ”toy model” for
light curve simulation based on unstable mass accretion onto
the white dwarf. By analysing the simulated light curves we
searched for observed PDS parameters. Our findings are the
following:
(i) The PDS analysis of X-ray data exhibits more com-
plicated structure than a simple broken power law. It is com-
posed of two broken power laws.
(ii) It is known that the X-rays in cataclysmic binaries
are produced by the interaction of the accreted matter with
the central white dwarf in the so-called boundary layer or in
the X-ray corona. The non steady radiation is produced by
the non steady accretion flow. Unstable mass supply from
the turbulent inner disc explains the low frequency part of
the observed PDS. Additional processes between the inner
disc and the white dwarf must generate the observed fast
variability patterns.
(iii) If the disc is truncated, the truncation radius is no
larger then 0.80 × 109 cm. This value is smaller compared
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to the other studied cataclysmic variables in quiescence. A
fully developed disc with an unknown boundary layer ra-
dial thickness can not entirely be excluded, owing to the
large uncertainties in the measured break frequencies, pri-
mary mass and the large range of studied values of the disc
parameter alpha.
(iv) Any fluctuation in mass accretion at the inner
accretion disc which is supplying the corona or boundary
layer is manifesting in UV and X-rays in the inner disc and
corona/boundary layer, respectively. This explains the low
frequency break of the PDS to be identical in UV and X-
rays. Further fragmentation of the flow produces variabil-
ity on shorter time scales, visible only in X-rays and char-
acterised by a second higher frequency break in the X-ray
PDS.
(v) The multicomponent shape of the PDS where the
lower break frequency is generated in the accretion disc while
the high break frequency by the boundary layer is not unique
for RUPeg dwarf nova system. Observations of similar PDS
in some neutron star X-ray binaries yield similar interpre-
tation. The black hole binaries do not show this PDS shape
probably due to the absence of solid surface.
While our model approach follows principles of plausi-
bility, we have no ultimate proof that it reflects reality. Any
future superior models may modify the conclusions about
inner disc radius and the disc truncation, as these are par-
ticular dependent on the underlying model assumptions.
The fast X-ray variability remains unresolved. We can
just conclude that it is probably generated in the corona or
the boundary layer. Further X-ray observation with higher
time resolution is required to test whether the PDS has
more components than observed. The free-free cooling of
the boundary layer plasma suggests a possible break fre-
quency of about -0.52 to -0.65 in logarithmic values. If the
free-free cooling is affected by an additional heating pro-
cess, this can move the estimated break frequencies to the
observed fast variability values. Furthermore, unstable tur-
bulent accretion flow in the corona can also produce unsta-
ble X-ray radiation. The disc-corona interaction can be also
highly turbulent. Therefore, further modelling of the coronal
flow is required to understand the fast X-ray variability in
this and similar objects exhibiting multicomponent PDSs.
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